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We show that several qubits can be integrated in a single magnetic ion, using its internal electronic
spin states with energies tuned by a suitably chosen molecular environment. This approach is
illustrated with a nearly-isotropic Gd3+ ion entrapped in a polyoxometalate molecule. Experiments
with microwave technologies, either three dimensional cavities or quantum superconducting circuits,
show that this magnetic molecule possesses the number of spin states and the set of coherently
addressable transitions connecting these states that are needed to perform a universal three-qubit
processor or, equivalently, a d = 8-level ’qudit’. Our findings open prospects for developing more
sophisticated magnetic molecules which can result in more powerful and noise resilient quantum
computation schemes.
PACS numbers: 75.50.Xx,03.67.Lx,75.45.+j,75.30.Gw
Molecular nanomagnets have emerged in the last few
years as promising candidates to realize qubits, the basic
components of future quantum computers [1–4]. These
artificial molecules, designed and synthesized by chemical
methods, consist of a magnetic core surrounded by non-
magnetic ligands. They are perfectly monodisperse and
remain stable in different material forms, from perfectly
ordered crystals to solutions and, in some cases, also
when they are deposited onto solid substrates [5]. The
main sources of magnetic noise, which introduce decoher-
ence, arise from hyperfine couplings to nuclear spins and
from dipolar couplings to other electronic spins in their
neighborhood [6, 7]. These effects can be minimized by
isotopical purification and by extreme dilution in a dia-
magnetic matrix or in appropriate solvents. This strategy
has recently led to spin coherence times [3, 8, 9] compa-
rable to those reported for other solid-state spin qubit
systems, such as NV centres in diamond and P donors
in silicon [10, 11]. An alternative is to identify the qubit
states with clock transitions, which are relatively insensi-
tive to magnetic field fluctuations [12]. However, even if
the qubit-qubit interactions are minimized these strate-
gies offer no route to scalability. This paradox between
coupling and isolation has severely limited progressing
beyond the realization of elemental two-qubit gates with
electronic spins [13–15].
Here, we explore a different approach: to have mul-
tiple qubits coupled in a single atom. Systems having
d = 2N internal levels (or ’qudits’) can in principle real-
ize N qubits. Lanthanide ions are promising candidates
to realize these systems since the multiplet associated
with the angular momentum J , given by Hund’s rules,
defines (2J + 1) states. Its practical implementation is
not straightforward, though, because the level splitting
induced by the crystal field around the lanthanide is often
so large that only the two lowest lying electronic levels
are experimentally accessible [12, 16, 17]. Nuclear spin
states might still allow the definition of several qubits
in lanthanides with a nonzero I [16, 18]. However, the
transitions that connect these states have very different
frequencies from those of pure electronic transitions and,
furthermore, they depend very weakly on magnetic field
and on the molecular environment. For these reasons,
it is difficult to tune these qubits and to address them
independently from one another.
These difficulties can be overcome by a judicious choice
of the lanthanide ion and a proper molecular design of
its environment. We here focus on gadolinium that, be-
cause of its 4f7 electronic configuration, has no net or-
bital moment L but instead possesses the largest spin
S = 7/2 attainable by any single atom. As illustrated in
Fig. 1, the 8 spin states span the Hilbert space of three
qubits. This intrinsic property of any free Gd3+ ion is,
however, not yet sufficient for the purpose of realizing
a three-qubit processor. A second necessary ingredient
is the existence of a set of coherent transitions able to
connect any two arbitrary states. For this, some mag-
netic anisotropy is required, sufficiently large to enable
addressing each transition independently of the others
but also sufficiently weak to guarantee that all transition
frequencies lie within the range accessible by microwave
technologies that form the basis for a scalable quantum
architecture [19]. A further advantage of Gd3+, in this
respect, is that crystal field splittings are between one
and two orders of magnitude smaller than those found
for other transition metal ions. Furthermore, these split-
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FIG. 1. (Color online) (a) X-band cw-EPR spectrum
measured at room temperature on a single crystal of
Y0.95Gd0.05W30. The crystal was rotated around its a axis to
maximize the field splitting of the seven different transitions.
The inset shows the structure of each GdW30 POM cluster.
The arrows show the approximate orientations of the hard
(z), medium (x) and easy (y) magnetic axes and the experi-
mental geometry used in the pulsed EPR experiments, where
~H denotes the static magnetic field and ~h1(t) = 2h1 cos(ωt)xˆ,
with ω/2pi = 9.77 GHz (X-band), is the microwave magnetic
field. (b) Zeeman diagram of the GdW30 spin energy levels
vs Hz. A possible assignment for the basis states of a three-
qubit quantum processor is shown. Arrows mark the seven
addressable transitions between these states.
tings strongly depend on the local coordination, which
opens subtle possibilities for design [4].
In this work, the system of choice is a molec-
ular nanomagnet which can be formulated as
[Gd(H2O)P5W30O110]
12−. It is hereafter referred
to as GdW30 and shown in Fig. 1. In this molecule,
Gd3+ is encapsulated inside a ”doughnut” shaped
polyoxometalate (POM) cluster and coordinated to 10
oxygen atoms and one apical water. Using potassium
as counter-ion, this molecule forms crystals formulated
as K12Gd(H2O)P5W30O110 · 27.5H2O. The resulting
coordination around Gd3+ has an unusual planar shape
and symmetry close to C5v. This leads to an easy-plane
spin anisotropy, with a hard magnetic axis along the
main molecular axis z, and to an overall energy split-
ting of the S = 7/2 multiplet smaller than 1 K (20.8
GHz). The energy level spectrum of GdW30 subject
to a dc magnetic field ~H can be described by the spin
Hamiltonian [4, 20]
H = D
[
S2z −
1
3
S (S + 1)
]
+E
(
S2x − S2y
)−gµB−→S ·−→H (1)
where D = 1281 MHz and E = 294 MHz are second-
order magnetic anisotropy constants, g = 2 is the gy-
romagnetic ratio, and the magnetic axes x, y and z
are oriented as shown in Fig. 1a. These parameters
lead to the energy spectrum shown in Fig. 1b. Al-
most identical results are obtained for samples with dif-
ferent concentrations of GdW30, thus showing that the
energy level scheme is an intrinsic property of each iso-
lated molecule. The magnetic anisotropy provides the
anharmonicity that is required to address each transition
individually but it is also sufficiently weak to make them
accessible by conventional X-band (9.48 GHz) electron
paramagnetic resonance (see Fig. 1a). In order to max-
imize the field splitting between these transitions, thus
making them easier to address, ~H was oriented close to
the hard magnetic axis of the molecule, z. Because of
the weak magnetic anisotropy, the eigenstates |n〉 of the
spin Hamiltonian (1) are close to spin projections |m〉
along ~H, with m = −S + (n − 1), and their energies
n ' D[3m2 − S(S + 1)]− gµBHzm. With the definition
of logic states introduced in Fig. 1b, single-qubit flips
correspond then simply to ±1 changes in m.
The spin dynamics has been studied at low tempera-
ture (T = 6 K) on magnetically diluted single crystals
of Y0.99Gd0.01W30, in which 99 % of GdW30 molecules
have been replaced with its diamagnetic YW30 equiv-
alent to reduce dipolar interactions. Phase coherence
times T2 have been determined by measuring the spin
echo following a Hahn sequence of pi/2 and pi pulses res-
onant with the energy gap ∆n ≡ n+1 − n of a given
transition (n = 1 to 7) and separated by a varying time
interval τ [21]. The magnetic field dependence of the
echo amplitude (Fig. 2a) shows resonances that closely
match those found in the continuous EPR spectrum mea-
sured under similar conditions. These results show that
all seven transitions can be coherently manipulated. Dif-
ferent transitions show very similar coherence times (Fig.
2b), ranging approximately between 470 ns and 600 ns.
The nuclear spin bath of a GdW30 molecule is formed
by the protons of water molecules (100 %, I = 1/2),
and the nuclear spins of P (100 %, I = 1/2), K(100 %,
I = 3/2), and W (14 %, I = 1/2) isotopes, which couple
to the electron spin via dipole-dipole interactions. Re-
cent calculations show that the decoherence induced by
these couplings is very weak [22], with T−12,n < 1 kHz
or, equivalently, T2,n much longer than the values mea-
sured experimentally. Spin coherence must, therefore,
be limited by pair-flip processes [7] induced by residual
dipolar interactions with other GdW30 molecules. The
typical dipolar energy of each GdW30 molecule diluted in
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FIG. 2. (a) Comparison between the integrated cw-EPR spec-
trum and the two-pulse echo-induced EPR spectrum mea-
sured at T = 6 K on a single crystal of Y0.99Gd0.01W30 ori-
ented as shown in Fig. 1a. The time interval between pi/2
and pi pulses was τ = 160 ns. (b) Spin coherence times T2
and spin lattice relaxation T1 times of the seven allowed tran-
sitions n = 7 to 1.
a Y0.99Gd0.01W30 crystal is close to 4.5× 10−5 K = 0.94
MHz [4], thus of the same order of magnitude as the ex-
perimental decoherence rates T−12 . Coherence times of
fully isolated GdW30 molecules will therefore be limited
only by the coupling of their spins to the lattice.
Spin-lattice relaxation times T1 have been determined
by measuring the decay of the echo amplitude after a 3-
pulse sequence [21]. Values of T1 obtained for the differ-
ent transitions, shown in Fig. 2b, range from 2.3 to 2.8µs
at T = 6 K. While not extraordinarily long, the values of
T2 and T1 nevertheless enable the coherent manipulation
of the spin states that form the basis for the three-qubit
quantum processor.
Spin nutation experiments were performed by measur-
ing the spin echo amplitude generated by a variable dura-
tion excitation pulse (100 ns ≤ tp ≤ 1µs) followed, after
a fix time interval (typically between 120 and 200 ns), by
a refocusing pi-pulse. This method measures the evolu-
tion with tp of the transverse spin component Sy in the
rotating frame. Representative results obtained at the
different resonant fields are shown in Fig. 3 and in [21].
For all transitions, Sy shows damped coherent oscilla-
tions that are well described by the following expression
(see [21, 23] for a explicit derivation)
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FIG. 3. (a) Rabi oscillations for transitions 1 − 7 measured
on a single crystal of Y0.99Gd0.01W30 oriented as described
in Fig. 1a. The microwave magnetic field amplitude µ0h1 =
155(3)µT. The circles are experimental data and the solid
lines are least-squares fits based on Eq. 2. (b) Frequencies
ΩR,n and damping rates 1/τR,n of these oscillations. The solid
blue line shows the theoretical ΩR,n derived from the spin
Hamiltonian (1).
Sy,n(tp) = Kn exp (−tp/τR,n) J0 [ΩR,n(tp − tp,0)]Snoy,0
(2)
where Kn is a constant, J0 is the Bessel function of first
kind, ΩR,n and 1/τR,n are, respectively, the frequency
and the damping rate of each Rabi oscillation, and the
last term is a non-oscillatory component. Values of ΩR,n
and 1/τR,n are shown in Fig. 3b.
The frequencies of the coherent spin oscillations have
been tuned by varying the power of the microwave ra-
diation. The Rabi frequency increases linearly with h1
(Fig. 4), in agreement with the theoretical expression
ΩR,n = gµBanh1, where an = 〈n|2Sx|n + 1〉 is the tran-
sition matrix element for a microwave magnetic field po-
larized along x. Figures 3b and 4 show that the exper-
imental Rabi frequencies are, for any h1, in very good
agreement with those derived from Eq. (1). On account
of the large spin (S = 7/2) of Gd3+, the Rabi frequencies
for these single qubit flips are larger, for any driving am-
plitude, than those of qubits realized with S = 1/2 spins.
The number of observable oscillations does not increase
with microwave power in the same manner as ΩR,n does,
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FIG. 4. Rabi frequency ΩR,3 and damping rate 1/τR,3 of tran-
sition 3, which connects |011〉 and |010〉 states, as a function of
the microwave magnetic field amplitude h1. The dashed blue
line is the theoretical prediction derived from the spin Hamil-
tonian (1). The solid red line is a least-squares fit based on
1/τR = α + βΩR (see [21] for a discussion of this equation)
while the solid horizontal line gives the low-power limit rate
α = (1/T1 + 1/T2)/2 for this transition.
because the oscillation damping rate 1/τR,n also increases
with h1 (Fig. 4). This effect limits the quantum qual-
ity factors to ΩR,nτR ' 5, lower than the maximum at-
tainable limit ΩR,n
(
T−12 + T
−1
1
)
/2 > 30. Such behavior
is common with lanthanide spin qubits [16, 17] and has
been ascribed to inhomogeneities and fluctuations of the
driving microwave field [24, 25]. In the present case, these
fluctuations are likely associated with residual dipolar in-
teractions between different molecular spins, which limit
the spin coherence times but can easily be minimized by
dilution.
As a final test, we check that the allowed transitions
form a universal set. In the basis of spin eigenstates
|n〉 the coupling to an external radiation field can be
described by the following effective Hamiltonian
H =
8∑
n=1
n|n〉〈n| − 2gµBh1 cos(ωt)
×
7∑
n=1
(an|n+ 1〉〈n|+ a∗n|n〉〈n+ 1|) (3)
that connects each level n with its adjacent ones n ± 1.
Equation (3) contains the generators of a Lie Algebra
that includes all unitary operators in this Hilbert space
of dimension d = 8 and thus it is, by a suitable control of
the rf fields ~h1(t), capable of implementing any arbitrary
quantum operations on these artificial three-qubit sys-
tems. The results can be read out either magnetically or
spectroscopically, as each state |n〉 corresponds to a well-
defined spin polarization |m〉 and it absorbs only photons
of frequency ∆n/h.
Universality must be complemented with spe-
cific protocols for designing actual quantum op-
erations. As an example, starting from the
ground state |000〉 the sequence of operations
R1(pi/2)R2(pi)R3(pi)R4(pi)R5(pi)R6(pi)R7(pi), where
Rn(θ) denotes a rotation by angle θ tuned at
transition n, generates a maximally entangled
state of the three qubits, namely the GHZ state
|Ψ〉 = (1/√2)(|000〉 + |111〉). Remarkably, this state is
entangled in the logic basis but not in the single-ion spin
basis, where it corresponds to a quantum superposition
of the two states with maximum projections ±S along
~H. This suggests that quantum correlations like those
found in composite systems can also occur, and be
experimentally tested, in a single magnetic ion.
Summarizing, the previous results show that up to
three fully addressable spin qubits can be integrated in a
single Gd3+ ion and that its characteristic properties can
be tuned by the molecular environment. Each GdW30
molecule provides then a realization of a ’qudit’, that is,
of a quantum system with d = 8 addressable states. It
should be noted that these properties are not exclusive
of the Gd3+-based polyoxometalate used in the present
experiments. The molecular approach used here is partic-
ularly attractive for its versatility, since it can produce a
vast choice of mononuclear complexes encapsulating sin-
gle magnetic ions with a spin S > 1/2 and with tunable
properties [26].
It has been recently proposed that solid-state quan-
tum circuits provide a convenient platform for scaling
up quantum computation with molecular nanomagnets
[19, 27]. We have performed experiments to measure the
coupling of GdW30 crystals to superconducting coplanar
waveguides and resonators. The results [21] confirm that
all transitions between different spin states of GdW30 are
in good speaking terms with these circuits. Besides, its
molecular character ensures that they can be taken out
of the crystal and placed individually on a surface or in
a device [28].
The integration of several qubits in each molecule will
enhance the density of quantum information that can
be handled with such schemes and reduce the number
of non local gates required to carry out any algorithm
[1, 29, 30]. Another interesting application concerns
the implementation of quantum correction codes in each
molecule [31–33]. Embedding qubits in higher-dimension
qudits provides the possibility of restoring its quantum
state from some specific errors [32]. A GdW30 molecu-
lar nanomagnet possesses the minimum dimension d = 8
that is required to optimally correct a single amplitude
or phase shift error. The operations required to imple-
ment the restoring code correspond to either transitions
between adjacent spin states or phase shifts [32], which
can be generated by, respectively, transverse or longitu-
dinal magnetic field pulses. The extension of this ratio-
nal design to molecules containing two or three weakly
coupled Gd3+ ions with distinct coordinations has also
been shown to be feasible [34]. Scaling up to 6 or 9
5addressable qubits within a molecule, which would then
be able to optimally correct any arbitrary error [31], is,
therefore, within reach. In conclusion, the new strategy
reported here contributes to the development of more ef-
ficient and noise-resilient quantum information schemes
based on molecular nanomagnets.
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